the national academy of sciences is a private, nonprofit, self-perpetuating society of distinguished scholars engaged in scientific and engineering research, dedicated to the furtherance of science and technology and to their use for the general welfare. upon the authority of the charter granted to it by the congress in 1863, the academy has a mandate that requires it to advise the federal government on scientific and technical matters. dr. ralph J. cicerone is president of the national academy of sciences.
the national academy of engineering was established in 1964, under the charter of the national academy of sciences, as a parallel organization of outstanding engineers. it is autonomous in its administration and in the selection of its members, sharing with the national academy of sciences the responsibility for advising the federal government. the national academy of engineering also sponsors engineering programs aimed at meeting national needs, encourages education and research, and recognizes the superior achievements of engineers. dr. charles m. Vest is president of the national academy of engineering. the institute of medicine was established in 1970 by the national academy of sciences to secure the services of eminent members of appropriate professions in the examination of policy matters pertaining to the health of the public. the institute acts under the responsibility given to the national academy of sciences by its congressional charter to be an adviser to the federal government and, upon its own initiative, to identify issues of medical care, research, and education. dr. harvey V. Fineberg is president of the institute of medicine.
the national research council was organized by the national academy of sciences in 1916 to associate the broad community of science and technology with the academy's purposes of furthering knowledge and advising the federal government. Functioning in accordance with general policies determined by the academy, the council has become the principal operating agency of both the national academy of sciences and the national academy of engineering in providing services to the government, the public, and the scientific and engineering communities. the council is administered jointly by both academies and the institute of medicine. dr. ralph J. cicerone and dr. charles m. Vest are chair and vice chair, respectively, of the national research council. w w w . n a t i o n a l -a c a d e m i e s . o r g roger revelle
For almost half a century, roger revelle was a leader in the field of oceanography. revelle trained as a geologist at Pomona college and the university of california, berkeley. in 1936, he received his Ph.d. in oceanography from the scripps institution of oceanography. as a young naval officer, he helped persuade the navy to create the office of naval research (onr) to support basic research in oceanography and was the first head of onr's geophysics branch. revelle served for 12 years as the director of scripps (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1963) (1964) , where he built up a fleet of research ships and initiated a decade of expeditions to the deep Pacific that challenged existing geological theory.
revelle' s early work on the carbon cycle suggested that the sea could not absorb all the carbon dioxide released from burning fossil fuels. he organized the first continual measurement of atmospheric carbon dioxide, an effort led by charles Keeling, resulting in a long-term record that has been essential to current research on global climate change. with hans suess, he published the seminal paper demonstrating the connection between increasing atmospheric carbon dioxide and burning of fossil fuels. revelle kept the issue of increasing carbon dioxide levels before the public and spearheaded efforts to investigate the mechanisms and consequences of climate change. revelle left scripps for critical posts as science advisor to the department of the interior (1961) (1962) (1963) and as the first director of the center for Population studies at harvard (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) . revelle applied his knowledge of geophysics, ocean resources, and population dynamics to the world' s most vexing problems: poverty, malnutrition, security, and education.
in 1957, revelle became a member of the national academy of sciences to which he devoted many hours of volunteer service. he served as a member of the ocean studies board, the board on atmospheric sciences and climate, and many committees. he also chaired a number of influential academy studies on subjects ranging from the environmental effects of radiation to understanding sea-level change.
SmithSonian'S national muSeum oF natural hiStory the ocean studies board is pleased to have the opportunity to present the revelle lecture in co- dear lecture participant: on behalf of the ocean studies board of the national academies, we would like to welcome you to the thirteenth annual roger revelle commemorative lecture. this lecture was created by the ocean studies board in honor of dr. roger revelle to highlight the important links between the ocean sciences and public policy. operation with the smithsonian national museum of natural history through our partnership with the national science resources center. the museum maintains and preserves the world's most extensive collection of natural history specimens and human artifacts and supports scientific research, educational programs, and exhibitions. the museum is part of the smithsonian institution, the world's largest museum and research complex. dr. cristían samper is the director.
the national science resources center (nsrc) was founded in 1985 by the national academy of sciences and the smithsonian institution and continues today as a successful unit of the smithsonian institution. the mission of the nsrc is to transform K-16 science education learning and teaching for all students in the united states and throughout the world. the nsrc does this through the implementation of a truly systemic approach that engages participants at every level, from students and classroom teachers up through the highest levels of district, state, national and international leadership.
tonight'S lecture in the past decade, the world has seen the destructive power of two major tsunamis. in december 2004, the indian ocean tsunami killed over 230,000 people and displaced 1.7 million across 14 countries. then, just a year ago, the massive tsunami in Japan killed about 20,000 people and caused over $220 billion in economic loss to Japan, making it the world's most costly natural disaster. these catastrophic tsunamis have been a wake up call for countries around the world, including the united states. tonight's speaker --dr. eddie bernard, former director and scientist emeritus for the national oceanic and atmospheric administration's / Pacific marine environmental laboratory (Pmel) --has over 40 years of experience dealing with issues on tsunami warning systems, tsunami mitigation and education programs, and tsunami research. in his lecture, dr. bernard will be sharing some of his personal experiences and insights on the global impacts of tsunamis and the implications for policy in the united states.
SponSorShip the ocean studies board thanks the national oceanic and atmospheric administration, the national science Foundation, the national aeronautics and space administration, the office of naval research, the u.s. geological survey, and the gordon and betty moore Foundation. this lecture series would not be possible without their generous support. the board also thanks the national science resources center and the smithsonian institution for their continued partnership in hosting the lecture at the national museum of natural history.
we hope you enjoy tonight' s event. dr. eddie bernard is a subject matter expert and consultant on issues dealing with tsunami warning systems, tsunami mitigation and education programs, and tsunami research. dr. bernard is currently an affiliate Professor at the university of washington and scientist emeritus for the national oceanic and atmospheric administration' s (noaa)/ Pacific marine environmental laboratory (Pmel). he retired from director of Pmel in 2010, after 40 years of noaa service. he directed a broad range of oceanographic research programs at Pmel including ocean climate dynamics, fisheries oceanography, el niño forecasts, tsunamis, and underwater volcanoes.
as a noted oceanographer and expert on tsunamis, dr. bernard published over 85 scientific papers and has served as editor for three tsunami books. he served as director of noaa's Pacific tsunami warning center in honolulu for 3 years, which influenced his research toward public safety. Following the 1993 sea of Japan tsunami, he led the u.s. team that surveyed the damage caused by the tsunami. he served as founding chairman of the national tsunami hazard mitigation Program, a joint Federal/state effort, and as chairman of the international union of geodesy and geophysics' tsunami commission. he is a member of the american geophysical union, the american meteorological society, and the oceanography society.
dr. bernard has also produced a scientific movie on tsunami research and has been featured in over 20 television specials on tsunamis, including programs on the history channel, the learning channel, national geographic, and interviews on national television news programs. Following the 2004 indian ocean and 2011 Japanese tsunamis, he was featured on national and international news networks and was a guest on several larry King and Piers morgan shows.
dr. bernard received numerous honors and awards for outstanding performance in noaa including the department of commerce gold medal in 2004 and 2005, the Presidential meritorious rank award in 1993 from President william J. clinton, and the Presidential meritorious rank award again in 2002 from President george w. bush. in 2008, dr. bernard was awarded the prestigious service to america medal, sponsored by the Partnership for Public service, for his leadership in creating a tsunami forecasting capability and raising the public' s awareness of the tsunami hazard.
in october 2010 and for the third time, he was awarded the Presidential meritorious rank award by President barack obama in recognition of dr. bernard' s transformation of three long-term Pmel research programs in tsunami warning and education, ocean acidification, and ocean exploration into congressional authorization laws.
dr. bernard received a Ph.d. and m.s. in physical oceanography at texas a&m, and a b.s. in physics from lamar university. the horrific december 26, 2004 indian ocean tsunami, which killed over 230,000 people and displaced 1.7 million across 14 countries, stimulated governments of the world into addressing tsunami hazards. many nations in the indian ocean did not even recognize the word "tsunami" and none had tsunami preparedness programs in place. ignorance of the natural signs of a tsunami' s presence led to inappropriate actions and decisions by nations, population centers, and tourist destinations. the world's response to this terrible natural disaster was an unprecedented $13.5 billion in international aid, including $5.5 billion from the general public in developed nations. the 2004 tsunami, one of the top ten deadliest natural disasters the world has recorded, will probably be best remembered for the global outpouring of help to the innocent victims of this tragedy.
tsunamis rank high on the scale of natural disasters. they are on the top 10 lists of natural disaster casualties (2004 indian ocean) and economic losses (2011 Japan). since 1850 alone, tsunamis have been responsible for the loss of over 450,000 lives and over $261 billion damage to coastal structures and habitats. most of these casualties were caused by local tsunamis that occur about once per year somewhere in the world. Predicting when and where the next tsunami will strike is currently not possible. once a tsunami is generated, however, forecasting tsunami arrival and tsunamis are classified as distant when the coastal residents do not feel the earthquake and the tsunami arrives with no warning.
to be prepared for both local and distant tsunamis, the u.S. has developed a forecasting capability to warn the public of impending tsunami hazards once the tsunami has been generated. the energy transferred from an earthquake to a tsunami is typically less than one percent (tang, et al., 2008) ; therefore earthquake magnitude alone is not a reliable or accurate indicator of tsunami intensity. using earthquake magnitude to predict tsunami intensity resulted in over as seen in Figure 1 , tsunamis occur primarily in the Pacific and indian oceans and the mediterranean and caribbean seas. the u.s. is vulnerable to local tsunamis in alaska, the west coast, Puerto rico, american samoa, and u.s. trust territories. the u.s. is vulnerable to distant tsunamis from the Pacific rim, the caribbean, and Portugal. because of the vast u.s. coastline, an alaskan tsunami can be a local tsunami in alaska and a distant tsunami on the west coast, hawaii, and american samoa. thus, the u.s. must be prepared for both local and distant tsunamis. the early morning earthquake of december 26, 2004 caused destruction in banda aceh, indonesia and other parts of aceh even before the arrival of the tsunami. the earthquake led to horizontal and vertical movements of seafloor across a more than 1,200 km (~745 miles) strip, triggered hundreds of underwater landslides, and activated hundreds of secondary faults throughout the region. the underwater land movements generated a train of ocean waves that sped across the indian ocean killing about 230,000 people and displacing 1.7 million across 14 countries. entire coastal zones were destroyed, with the tsunamis causing damage up to 3 km inland in some cases. indonesia, sri lanka, india and thailand suffered the greatest loss of life ( Figure 4) ; germany and sweden also suffered many losses from tourists who were traveling in the region. the tsunami killed more women than men, up to twice as many in some areas. reasons were attributed to both sex and gender, such as men's greater strength to hold on to trees and fixed objects and knowledge of swimming, and women' s childcare duties and clothing. death rates were also higher for those under 15 and over 50, on average these groups were over twice as likely to die as other adults. while less than one percent of those who died were tourists, they got most of the media attention in donor countries.
the impact of the tsunamis depended on location; with towering 30 m (~100 ft) waves (Figure 5 a and b) in aceh and a 2 m (~7.5 ft) swell in parts of the maldives. by the time they had traveled 8,000 km to south africa the tsunamis were barely distinguishable from the background pattern of normal waves. this difference in the severity of the tsunamis showed itself in the numbers of those who were killed and injured in different places. in aceh the ratio of dead to injured survivors was 6:1, dropping to 1.5:1 in sri lanka and 0.3:1 in india.
the assessments after the tsunami estimated losses and damage at just under $10 billion. as with all disasters this is only a very rough estimate, as damage is relatively easy to calculate, the consequent losses to human well-being are far harder to estimate. industries based at the coast were the worst affected. in aceh, ports and harbors were destroyed in addition to the fishing fleet and industries along the coastal strip. Fishing and tourism were the two worst affected sectors overall, but those with farms near the coast lost animals and saw their fields made infertile by debris and salt.
B. PHySICAL CHARACTERISTICS (IwAN, 2006)
the total energy released by the indian ocean mw 9.2 earthquake was estimated to be 1.1×10
18 joules, which is equivalent to about 250 megatons of tnt. there was at least a 10 m (~32 ft) movement laterally and 4-5 m (~13-16 ft) vertically along the subduction fault line. in February 2005, the royal navy vessel hms scott took a high-resolution survey of the seabed around the earthquake epicenter, which revealed that the earthquake had made a huge impact on the topography. thrust ridges as high as 1,500 m (~ 4900 ft) had collapsed, generating landslides several kilometers wide. one such landslide consisted of a single block of rock some 100 m (~328 ft) high and 2 km (1.24 miles) long. the sudden vertical and horizontal movements of the subduction zone, massive underwater landslides, and large splay fault ruptures 
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FIgURE 5a vegetation stripped away from mountain side at Lhoknga, 13 km (~8 miles) southwest of Banda Aceh. Source: Jose borrero, uSc tsunami research group during the earthquake displaced enormous volumes of water, resulting in the tsunami. the total energy of the tsunami was about one percent of the energy released in the earthquake itself. in many places the waves reached as far as 3 km inland (1.86 miles). scientists investigating the damage in the province of aceh, indonesia found evidence that the wave reached a height of 24 m (~79 ft) when coming ashore along large stretches of the coastline, rising to 37 m (~121 ft) in some inland areas. because the subduction zone earthquake was in a nearly northsouth orientation, the tsunami waves were mostly directed to the east and west. bangladesh, which lies at the northern end of the bay of bengal, had very few casualties despite being a low-lying country near the rupture zone. in contrast, the indian state of Kerala took a direct hit, despite being on the western coast of india (facing away from the rupture zone). the western coast of sri lanka also suffered substantial impacts. at columbo, sri lanka, the largest tsunami recorded was the wave that reflected off the maldives island chain arriving 2.5 hours after the arrival of the first wave.
distance alone was no guarantee of safety -somalia was hit harder than bangladesh despite being much farther away. sixteen hours after the earthquake the tsunami reached as far as struisbaai in south africa, some 8,500 km (~5,300 miles) away. in antarctica, tidal gauges at Japan's showa base recorded oscillations of up to a meter, with disturbances lasting a couple of days. some of the tsunami' s energy escaped into the Pacific ocean, where it produced small but measurable tsunamis along the western coasts of north and south america. at manzanillo, mexico, a 1.0 m (~3 ft) crest-to-trough tsunami was measured, and the tsunami was large enough to be detected in Vancouver, british columbia, canada. the tsunamis measured in some parts of south america were larger than those measured in some parts of the indian ocean due to the mid-ocean ridges which acted as wave guides to direct tsunami energy over long propagation paths (Figure 6 ).
C. gLOBAL RESPONSE
Following the tsunami, an immense media-fuelled, global response resulted in us$13.5 billion pledged or donated internationally for emergency relief and reconstruction, including more than us$5.5 billion from the general public in developed countries. Private donations broke many records; donors were flexible and rapid in their funding. in addition, reporting of pledges and commitments and the timeliness of official donations, were much better than in other disasters. the international humanitarian aid community made an historic first effort at accountability based on early recognition that the exceptional response to the tsunami disaster, including the amount of money given, demanded a high standard of accountability, and provided an opportunity for learning about disaster response at this scale.
in February 2005, a meeting was held in geneva with a group of aid FIgURE 5b Banda Aceh in ruins following the tsunami destruction. Source: Jose borrero, uSc tsunami research group agencies to learn from the international response to the tsunami disaster through formation of the tsunami evaluation coalition (tec). the tec studies found the international response helped the affected people and reduced their suffering; many examples of good practice in emergency response and some welcome innovations were identified. however, the studies concluded overall that the response did not achieve the potential of the generous funding. the tec synthesis report (cosgrave, 2007) made four recommendations around ownership (and accountability), capacity, quality and funding, all focused on one central idea -that the humanitarian aid community needs to cede ownership of the response to the affected population and become accountable to them. this change needs to be supported by more equitable and proportionate funding, development of disaster response capacities, a greater focus on risk-reduction, and a system for controlling the quality of the work done by humanitarian agencies. the u.s. response to this international disaster was swift, generous, and effective, including about $1 billion in aid from the u.s. government. the u.s. military responded by launching operation uniFied assistance "to prevent further loss of life and human suffering by expeditiously applying resources to the overall relief effort, " (elleman, 2007) . by January 5, 2005, only ten days after the earthquake and tsunamis, uniFied assistance included over twenty-five u.s. navy ships, forty-five fixed-wing aircraft, and fifty-eight helicopters and delivered more than 610,000 pounds of water, food and other supplies to the region (elleman, 2007) . in some areas, relief operations were only possible by helicopters supported by offshore ships due to loss of coastal roads (Figures 7 & 8) . sea basing also proved to be a culturally sensitive and politically flexible staging platform in this islamic region that was the scene of an active domestic insurgency (elleman, 2007) . the hospital ship and medical staff eventually treated more than 9,500 patients in humanitarian missions in indonesia. although the operation lasted less than two months, the u.s. military delivered over twenty-four million pounds of relief supplies.
in aceh, indonesia -the region hardest hit by the tsunami -u.s. agency for international development (usaid) funded the timely reconstruction of houses and roads in the village of babah ie, construction of aceh Polytechnic, the restoration of coastal areas, village clear water sanitation and watersheds management that improved rural livelihoods, and the rehabilitation of the region' s principal fish market in Peunayong. in addition, usaid supported peaceful and democratic local elections in aceh Province as part of a peace agreement signed between the indonesian government and the Free aceh movement. of the usaid funding, about $14m (0.1%) was spent on contributing to the establishment of an indian ocean tsunami warning system. since its launch in 2005, the program provided substantial contributions toward ongoing international and regional efforts to develop tsunami warning capabilities in the indian ocean led by the intergovernmental oceanographic commission of the united nations. today, coastal communities are much safer and better prepared for future risks as a result of u.s. support (usaid, 2009) . the indian ocean tsunami has been the most studied of any so far in history. surveys of the physical damage, as well as the psychological damage to humans, have produced volumes of data that will provide the research community with links to new discoveries, theories, and practices for tsunami preparedness. 
TSUNAmI RISK & PREPAREDENESS: LESSONS FOR THE UNITED STATES
the indonesian earthquake and tsunami motivated the u.s. to rethink its own tsunami risks, as well as a congressional request for the national research council (nrc) to review warning systems and preparedness. the 2011 nrc report, tsunami warning and Preparedness, concluded that the u.s. tsunami hazard is high not only at shores near regions prone to large earthquakes such as alaska, the Pacific northwest, the caribbean, and the marianas, but also in regions exposed to tsunamis generated from afar. along the u.s. atlantic, gulf, and southern california coasts, tsunamis caused by submarine landslides (likely triggered by earthquakes) present the greatest known hazard, while the caribbean is vulnerable to a tsunami from seismically active faults and the potential for landslides (dunbar and weaver, 2008; as presented in nrc, 2011). the nrc report also notes that a reduction in the risk from tsunamis requires assessment of the hazard, including the source, inundation area, and speed of onset, as well as characterization of the vulnerabilities of coastal communities to this hazard. these assessments can be used to better prepare officials and the public with the goal of reducing deaths, injuries, and damages from a future event.
the departments of commerce (through noaa) and interior (through the u.s. geological surveyusgs) received $39m (0.4%) to strengthen the existing u.s. tsunami warning system. noaa was tasked with deploying an array of 39 dart deep-ocean tsunami detection stations (see Figure 9) as the foundation of a global tsunami warning system, and succeeded in setting up an interim tsunami warning service for the indian ocean in march 2005. the white house office of science and technology Policy released the "tsunami risk reduction for the united states: a Framework for action" report in december 2005 which recommended developing standardized and coordinated tsunami hazard and risk assessments; improving tsunami and seismic sensor data and infrastructure for better detection and warning; enhancing tsunami forecast and warning capability along our coastlines; facilitating development of international tsunami and all-hazard warning systems; and increasing outreach to communities to raise awareness, improve preparedness, and encourage the development of tsunami response plans (ostP, 2005) .
in addition, there was a call to develop a strategic plan for tsunami research in the u.s., published as the national tsunami research Plan (bernard et al., 2007) , which recommended 6 priorities for tsunami research:
1. enhance and sustain tsunami education, 2. improve tsunami warnings, 3. understand the impacts of tsunamis at the coast, 4. develop effective mitigation and recovery tools, 5. improve characterization of tsunami sources, and 6. develop a tsunami data acquisition, archival, and retrieval system. the plan also summarized contributions by the various agencies, documenting that the u.s. spent about $55m in 2005 for tsunami risk reduction activities through five federal agencies (nsF, noaa, usgs, usace, and Fema) . the u.s. congress passed the tsunami warning and education act (Public law 109-424) as an extenFIgURE 7 Improvised landing zone of U.S Navy helicopter at Kreung Raya, Aceh Province. Source: elleman, 2007 sion of the efforts of the national tsunami hazard mitigation Program (nthmP) -a state/Federal partnership to reduce tsunami hazards to u.s. coastlines that began in 1997 (bernard, 2005) . the act has four tsunami elements: warning, education, research, and international cooperation. both the national tsunami research Plan and the tsunami act emphasize research that supports a community-based mitigation program, embracing the concept of tsunami resilience -the ability of a community to quickly recover from a tsunami. as outlined in "Preparing your community for tsunamis" (samant et al., 2007) , the foundation of resilience is a community's ability to develop local advocates. communities often do not have the technical expertise to evaluate the quality of science products required to meet preparedness needs (i.e., inundation maps, building codes). one approach to ensuring that communities receive quality technical information is to develop tsunami standards for hazard mapping and education for all communities to apply in crafting their local resilience programs. a notable component of the tsunami warning and education act was the inclusion of a substantial international coordination element to support the united nation' s effort to standardize a global tsunami warning system. the global system, comprised of regional warning centers in the indian, atlantic, and Pacific oceans, and the caribbean and mediterranean seas (bernard, et. al., 2010) , has over 50 standard deep ocean tsunami detectors that provide data, freely shared among nations, for forecasting tsunami magnitude and arrival times (Figure 9 ). in contrast, only three deep ocean tsunami detectors were operational in the u.s. when the 2004 tsunami struck.
JAPANESE TSUNAmI OF 2011: wORLD'S COSTLIEST NATURAL DISASTER
on march 11, 2011, a massive Japanese tsunami killed about 20,000 people and caused over $220 billion in economic loss to Japan, making it the world's most costly natural disaster (Voice of america, 2011). although the earthquake was extremely powerful, because it occurred offshore, it was the tsunami that resulted in the huge scale of this catastrophe. a preliminary accounting of autopsy results showed 92% of the victims died as a result of drowning and some have estimated that 津 波 tsunami is a Japanese word represented by two characters: tsu, meaning, "harbor", and nami, meaning, "wave". unusual wave behavior in Japanese harbors was the first sign that a tsunami was imminent, so the word tsunami became the term used in the first tsunami warning system. as many as 96% of the deaths could be attributed to the tsunami. among survivors, 130,229 evacuees were still in 2,559 shelters two months after the tsunami (seeds asia, 2011). as with the 2004 indian ocean tsunami, there was a global outpouring of assistance to aid the Japanese. the u.s. contribution "operation tomodachi (friendship)" (Figure 10 ) included, over 20,000 military personnel, about 20 ships, and about 160 airplanes that delivered about 280 tons of food, about 2 billion gallons of beverages, and about 120,000 gallons of fuel at a cost of about $100m (mr. shigeo ochi, personal communications). the Japanese people refer to the march 11, 2011 tsunami as 3.11 to reflect the national impact of the disaster. IN JAPAN (DENgLER AND SUgImOTO, 2011) over 5,400 water level measurements have been collected along 2,000 km (~1,240 miles) of the Japanese coastline (tohoku earthquake tsunami Joint survey group, 2011), making this the largest collection of tsunami height measurements for a single tsunami. the data have been summarized in reports of the ioc/ unesco intergovernmental commission on tsunamis (2011) and have also been posted at noaa' s national geophysical data center (ngdc) tsunami data base (2011). the highest water levels (38.9 m or ~128 ft) at aneyoshi bay south of miyako city in iwate Prefecture were the maximum ever measured in a Japan tsunami. water heights were close to or exceeded 20 m (~66 ft) in most populated coastal communities in iwate and northern miyagi prefectures. on the broad plain that characterizes the coast of miyagi Prefecture south of sendai, peak water heights averaged 8-10 m (~26-33 ft). there were significant tsunami impacts as far south as chiba Prefecture.
A. THE TSUNAmI
in most coastal communities, the dense city and town centers were very vulnerable, even though much of the town or city land area was outside of the inundation zone on the hill slopes and farther inland. a large percentage of communities on the low-lying areas of the sendai plain experienced flooding. the amount of time between the earthquake and the arrival of significant tsunami waves varied along the tohoku coast. the earthquake occurred at 2:46 p.m. about 130 km (~80 miles) offshore from the city of sendai; tide gauges show the first wave arriving after 36 minutes at hachinohe and 29 minutes in okai town in chiba Prefecture. a web cam at the sendai airport in natori city showed water arriving at 3:37 p.m., and the generators ceased to function at 4 p.m. this agrees with a series of time-stamped photographs in the yuriage area of natori city that show peak flooding at 4:11 p.m. generators at the Fukushima dai ichi nuclear Plant stopped at 3:41 p.m; eyewitnesses in northern miyagi and southern iwate Prefectures generally reported 25-30 min until the tsunami hit. a timestamped photo taken from the top of the minami-sanriku disaster management building shows the structure fully engulfed at 3:35 p.m. Preliminary findings indicate that Japan, the most tsunami prepared nation in the world, had underestimated tsunami impacts for evacuation planning and coastal structures design. dengler and sugimoto (2011) provide a gripping account of some of the shortcomings of Japanese tsunami preparedness at three coastal communities during this devastating tragedy.
minami-Sanriku town (population 17,000) had gained an international reputation for tsunami preparedness before the tsunami and was a featured field trip stop for tsunami experts. the three rivers flowing through the town featured tsunami gates that could be shut in 15 minutes to keep the tsunami from flooding inland through the river channels. Figure 11 is an approximation of the inundation zone, showing that the tsunami extended nearly 3 km (~1.8 miles) up the hachiman river and nearly 2 km (~ 1.2 miles) up the adjacent river valleys. officials (Figure 12 ), but the tsunami overtopped the adjacent sea walls and flooded the city. at the disaster management center (Figure 13 ), more than 30 officials, including the town mayor, gathered on the rooftop during the tsunami event, and twenty died when the building was inundated (asahi shim-bun, 2011). miki ando, a municipal official responsible for broadcasting emergency information to the public, remained at her post on the second floor of the building and continued broadcasting announcements; she was credited by many for saving their lives as they heeded her warnings to get to higher ground, but she did not survive (dengler and sugimoto, 2011) .
this tragedy was repeated throughout the region where an estimated 31 of 80 designated tsunami evacuation buildings were destroyed (Japan times, 2011).
ishinomaki city (population 164,000) is one of the largest ports north of sendai and is a center of the rice trade. the main port facilities are located to the southwest of the population center and experienced water heights in the 4.5 to 5 m (~15-16.5 ft) range (Port and airport research institute, 2011). warehouses and reinforced concrete buildings suffered some damage but did not collapse. the port returned to nearly full operation in may. because of the large exposed population, the city had the highest casualty total of any community in the tohoku region. the large amount of debris in the water, including boats, caused damage at some sites even though they were above the inundation level.
higashimatsushima city (population 34,000) is located in the transitional zone between the much steeper terrain to the north and the broad, low-lying sendai plain to the south. this city was particularly vulnerable, as tsunami surges attacked it from four different sources: the coast, the naruse river, the tona canal, and matsushima bay (Figure 14) . one of the designated evacuation sites was the multipurpose room adjacent to an elementary school (Figure 15 ). the elementary school was a three-story building and the upper floors were above the inundation zone; however, it was not used for vertical evacuation, perhaps because the stairways were inside the building and would not have been accessible if the build- ing were closed. an estimated 200 people gathered in the multipurpose room after the earthquake, but only a few people were able to reach safety on the ledge next to the windows when the room flooded. this site was located at the base of a hill where everyone could have reached high ground had they walked a few more minutes. one family of survivors lived close to the evacuation site, but they had only recently moved to the area and weren't aware of the designated building. instead, they headed up the hillside behind their house after the earthquake and were able to see the waves approaching and to move up the hill when it became clear that the tsunami was very large.
these dramatic accounts by dengler and sugimoto certainly bring into focus the importance of the accuracy of hazard assessment, especially the limits of published inundation maps. they also concluded that the warning messages, which upgraded the danger level four times, might have contributed to the underestimate of the size of the tsunami because some evacuees may not have received later warning messages of the increased danger. lastly, they cautioned that vertical evacuations should be the option of last resort while education should emphasize evacuation to higher ground and practicing situational awareness as a means of survival.
B. THE JAPANESE TSUNAmI OUTSIDE JAPAN
the Japanese tsunami affected the entire Pacific basin. three-meter water heights (~10 ft) were recorded in crescent city, california, the largest outside Japan. tide gauges at other locations on the u.s. west coast and locations in chile, the galapagos islands, and maui, hawaii were in the range of 2 m (~7.5 ft). the tsunami caused damage on midway island and in california, oregon, and hawaii, portions of which were declared federal disaster areas. two harbors (santa cruz and crescent city) had major damage, and less serious impacts were observed at 22 other locations in california. all of the damage was attributed to strong currents, which were measured at speeds of up to 10 knots (wilson et al., 2011) . losses in california were estimated at over $50 million. the only life lost outside of Japan was in northern california, where three young men had gone to the mouth of the Klamath river to photograph the tsunami; all were swept into the water, but two managed to get back to land.
brookings harbor in southern oregon was badly damaged by the strong currents caused by the tsunami. docks broke loose and several boats sank, causing an estimated $6.7 million in damage. damage to docks was also reported in depoe bay and coos bay, oregon. a few people were swept into the water in the Port orford and gold beach areas of oregon, but were rescued.
the Japanese tsunami was recorded at 30 deep ocean tsunami detector stations. data from four of these detectors near Japan were used to accurately forecast tsunami flooding for Kahului, hawaii six hours before the tsunami. coastal areas were evacuated and as a consequence, lives were saved. on the island of hawaii, the most serious damage was at Kealakekua bay and in Kailua-Kona, where one house floated to sea and 26 were damaged. a number of hotels were damaged, including the landmark Kona Village resort, which remains closed to date. damage was also reported on maui where the port of Kahului was flooded. at the Keehi lagoon marina on oahu, floating docks broke loose and sank an estimated 25 boats and damaged 200 others. the large number of Japanese tourists who canceled their trips to hawaii exacerbated economic losses in hawaii.
wHAT TO DO?
coastlines along the u.s. are vulnerable to both local and distant tsunamis. in light of Japan' s underestimation of the tsunami hazard, the u.s. should recommit to becoming a more tsunami resilient nation through reauthorization of the tsunami act. under the present elements of the act:
A. TSUNAmI RESEARCH: ESTABLISH STANDARDS AND COST CONTAINmENT
Public safety requires that state-of-thescience technology adhere to scientifically accepted standards. research will be required to establish scientifically accepted standards for tsunami forecast products (i.e. synolakis, et al.2008) , tsunami hazard mitigation and recovery projects, and tsunami education. new and/or improved technology from additional research could be applied for containment of tsunami warning, mitigation, and education costs. standards and cost containment efforts should be maintained and overseen by credible research organizations.
B. TSUNAmI EDUCATION:
APPLy STANDARDS AND BENEFIT /COSTS ANALySIS many thousands of lives have been saved from tsunamis over the past decade because people responded appropriately to tsunami natural warnings. every resident and coastal visitor should understand the natural warnings of a tsunami (i.e. earth shaking, withdrawal of the ocean, and/or loud roar) and the official tsunami warnings provided by state and local authorities. each state and community needs to steadfastly apply the same educational standards to ensure that our citizenry is prepared for the next tsunami. only through the application of standardized educational programs can we hope to become a tsunami resilient nation. we also need to be cost conscious about the application of mitigation programs at the local level, such as by using the Fema benefit/costs analysis. recovery of coastal communities is an important element of resilience. the earth shakes for minutes, the tsunami attacks for hours, but recovery takes years. recovery can be the most important part of the process to ensure that survival from future tsunamis is incorporated into the community' s culture.
C.TSUNAmI wARNINgS: PROvIDE EASy-TO-UNDERSTAND wARNINg PRODUCTS
the recent chile and Japan tsunamis in 2010 and 2011 demonstrated that existing tsunami warning products are confusing to the public. the confusion arises, in part, from using text messages to convey complex information under stressful conditions. the noaa evaluation report of tsunami warning performance during the 2010 chile tsunami recommended the use of graphical products, such as the one illustrated in Figure 3b , to reduce public confusion (noaa chile report, 2010). with smartphone technology, it is now possible to disseminate easy to understand graphical flooding products as shown in Figure 16 . new and improved technologies should be applied as efficiently as possible from research activities and transform warning products from public confusion to public service.
another deficiency of the tsunami warning system is the lack of products for ports and harbors. operators of our ports and harbors are required to work in a potentially hazardous area, yet most large ports lack tsunami evacuation plans. this problem is due, in part, to the multi-jurisdictional aspects of port operations. although the coast guard is authorized to order evacuation of ships from harbors, there are no tsunami warning products available to assist the coast guard in determining if an evacuation order should be issued. there is a need to develop a set of warning products for ports and harbors to minimize disruption to port operations.
D.INTERNATIONAL COOPERATION:
tsunamis are inherently an international issue because destructive tsunamis do not recognize national boundaries. in addition, tourists from other countries, including the u.s., suffered both casualties and injuries. the u.s. response to the 2004 indian ocean tsunami cost about $1 billion in taxpayer dollars for a tsunami that did not damage our shorelines. international cooperation, as coordinated by the united nation' s intergovernmental oceanographic commission (ioc), has a plan that calls for international standards for all warning systems to ensure interoperability and understanding by global citizens. as the world' s leader in tsunami forecasting technology, the u.s. is in a position to establish and maintain international standards for tsunami forecast products, tsunami hazard mitigation projects, and tsunami education. this would pave the way for implementing the ioc' s goal to have all regional warning centers provide a set of standardized warning products to serve the global public. acceptance of global standards would also reduce the cost of operating and maintaining regional tsunami warning centers. in summary, these four measures would build upon past successes and adjust for past omissions and mistakes. if these comprehensive and integrated measures were incorporated into reauthorizing the 2006 tsunami warning and education act, the united states would become a more tsunami resilient nation and serve as a guiding light for other tsunami threatened nations. 
